The high resolution, rotationally resolved laser induced fluorescence spectra for the A 2 A 1 ↔ X 2 E transition of CF 3 O and CF 3 S were recorded. In addition to the origins, the symmetric vibrational band 
I Introduction
Recently there has been a dramatic increase in spectroscopic and kinetic studies of the perfluoroalkoxy radicals (1, 2, 3, 4, 5, 6) . The recent interest in the fluoroalkoxy radicals has been spurred on principally by the phaseout of chlorofluorocarbons (CFCs) and the need for alternative compounds.
Hydrofluorocarbons (HFCs), because they contain no chlorine or bromine halogen atoms, but only fluorine, which is not ozone depleting (3) , are possible replacements. Since the perfluoroalkoxy radicals are thought to be intermediates in the atmospheric degradation of HFCs (7), research on their possible environmental impact has recently been promoted. Unambiguously analyzed spectra of the fluorinated methoxy radicals serve as a valuable database for subsequent spectroscopic monitoring of these species in reactions of environmental importance.
The simplest perfluoroalkoxy radical is trifluoromethoxy, CF 3 O and thus has been the most studied (1, 2, 3, 4, 5, 6, 8) . Francisco and co-workers were the first to observe (9) the electronic spectrum of CF 3 O after their theoretical prediction of the A ↔ X electronic origin frequency (10) . A short time later, Zellner and Saathoff also observed CF 3 O by LIF excitation of its A ↔ X transition and utilized this spectrum for some kinetic studies of CF 3 O reactions (1) . Both studies were performed with moderate resolution lasers and a room temperature sample with the result that their spectra were rather congested and poorly resolved. Although the origin transition frequency and some vibrational frequencies were roughly determined, the fundamental question of the symmetry of CF 3 O, either C 3v or C s , in its ground electronic state was still not answered experimentally. Either a static or dynamic Jahn-Teller distortion of the X 2 E state had been predicted by different ab initio calculations (10, 11, 12) .
The first LIF spectrum of CF 3 O cooled in a supersonic jet was observed by Miller and co-workers (8) . In that study, LIF spectra of the radical were obtained with both moderate and high resolution. The jet-cooled environment greatly simplified and sharpened the excitation spectra which allowed for a more accurate determination of the vibrational frequencies that were earlier observed under moderate resolution; in addition a high resolution rotationally resolved spectrum was recorded for the origin transition. The analysis of the rotationally resolved spectrum showed that on the rotational time scale, CF 3 O indeed maintained C 3v symmetry in both the ground and excited state as well as determining molecular constants for both states.
The observed C 3v symmetry in the X state was consistent with a dynamic Jahn-Teller distortion therein.
Trifluoromethoxy, CF 3 O, and trifluorothiomethoxy, CF 3 S, are the fluorine analogues of methoxy and thio-methoxy. Together the four form the much studied and very interesting methoxy radical family. Previously our group has reported the rotational analysis of vibrational bands of the A ↔ X electronic transition in three of the members of this family: CH 3 O ( 13, 14) , CH 3 S(15), and the origin band of CF 3 O (8) . This report extends the rotational analysis of CF 3 O to include all the observed vibrational bands (8) .
This report of the rotational analysis of the origin and six other vibrational bands of the heaviest member of the family, CF 3 S (16), describes for the first time the detailed spectroscopy of this radical.
II Experiment
The experimental apparatus for the free-jet LIF spectroscopy of the CF 3 O and CF 3 S radicals has been well described previously (8, 17, 18) . The radical precursor molecules, CF 3 OF or (CF 3 S) 2 were seeded into high pressure gas, typically helium, expanded through a pulsed valve (General Valve Series 9, 0.5 mm orifice) and photolyzed at the exit of the valve. The precursors were photolyzed by an excimer laser (Lambda-Physik LPX 120), 193 nm for CF 3 OF and 248 nm for (CF 3 S) 2 . The probe laser, counter propagating to the photolysis laser, intersected the expansion further downstream where fluorescence was collected at right angles and imaged onto a photomultipler tube (PMT) through appropriate optical filters. The PMT signal was preamplified and sent to a boxcar recorder before going to a microcomputer for signal averaging and data storage.
The LIF probe laser was a pulse-amplified, cw ring dye laser (Coherent 899-29 Autoscan). The pulse-amplified output was frequency doubled with an angle tuned KDP crystal. Before being seeded into the pulse-amplifier, a small portion of the cw ring dye output was directed to a low finesse, home built etalon (FSR ∼ 475 MHz) and an iodine cell where the etalon peaks and I 2 spectrum were recorded simultaneously with the radical spectrum for spectral calibration.
The precursor CF 3 OF was prepared by reacting CF 2 O with F 2 in a procedure previously reported (8) and described elsewhere in the literature (19) . The CF 2 O and precursor (CF 3 S) 2 were initially obtained commercially from PCR Inc. but in the case of CF 2 O they discontinued its manufacture.
Thereafter we synthesized CF 2 O by reacting equal amounts of CO and F 2 using the following procedure (20) . A small volume of F 2 was trapped in one reservoir at liquid nitrogen temperature (-196 • C) while an equal volume of CO was held in another reservoir which also contained a silver fluoride coated copper wire catalyst. The valve between the two reservoirs was slowly opened and the reaction proceeded with the F 2 always maintained at -196 • C where its vapor pressure is roughly 320 Torr. A word of caution is appropriate. Since the reaction of CO + F 2 is very exothermic only small quantities (in our work approximately 6 mmoles) of F 2 and CO should be reacted at any one time. The major products of the reaction are CF 2 O and small amounts of CF 3 OF; they have negligible vapor pressure at -196 • C and were stored for later use at this temperature. The reaction procedure was repeated sufficient times to produce the required quantity of CF 2 O for the subsequent production of CF 3 OF.
The partial pressure of the precursors in the high pressure expansion were maintained by temperature control of the sample reservoir. The CF 3 OF was maintained in the range -140 to -120 • C which corresponds to a vapor pressure of roughly 6.4 to 130 Torr (calculated from the vapor pressure curve of Kellogg and Cady (21) ). The (CF 3 S) 2 was maintained at -60 • C corresponding to a vapor pressure of approximately 15 Torr which was estimated from the boiling point of the (CF 3 S) 2 and assuming it has a similar vapor pressure curve to (CF 3 O) 2 . The boiling point of (CF 3 S) 2 and (CF 3 O) 2 vapor pressure curve were obtained from Desmarteau (22) . The carrier gas used for both precursors was He at a total pressure of roughly 100 psi.
III Results

III.1 Theory
The CF 3 O and CF 3 S radicals will be treated as belonging to the C 3v point group having a 2 E ground state and 2 A 1 first excited state (8, 16) like their well studied cousin CH 3 O (13, 14, 23, 24, 25, 26, 27, 28, 29, 30) . The effects of geometric distortion in the X state will be accounted for by explicitly including Jahn-Teller interactions in the analysis. The rotational energy levels of a symmetric top in 2 E and 2 A 1 electronic states are well described in the literature (13, 25, 31, 32) (and references therein) and treated particularly recently for CH 3 O by our group (14) . Therefore only a brief summary of the Hamiltonians and basis set used in the rotational analysis will be given here.
The rotational Hamiltonian used for the analysis is based upon one given by Endo et al. (25) and Liu et al. (13) and can be expressed as:
where 
H SO = aL z S z [5] and
The Hamiltonian, H CD , for the centrifugal distortion is given elsewhere (25) and is not detailed here because under the present conditions of rotationally cold spectra (T R = 3 -5 K) and the experimental resolution of ∼250 
The Hamiltonians for both the 2 E ground electronic state and the e vibronic levels of the 2 A 1 excited electronic state were diagonalized in a Hund's case (a) basis set,
In Eq. (8) For the a 1 symmetry vibronic levels of the A 2 A 1 state, the basis set reduces to
Detailed expressions for the intensities of transitions between the rovibronic levels have been derived elsewhere (13, 14, 17) . A particularly important selection rule that results from these intensities is as follows: for Table 1 . This spectrum was published in an earlier paper (8) but a vibrational assignment was not given since not all the bands were recorded and analyzed at higher resolution. With the aid of theoretical vibrational predictions (10, 11, 12) and the rotationally analyzed spectra, that is presented below, a vibrational assignment of the excitation spectrum can now be given. The bands involve excitation of 3 distinct vibrational modes in the A electronic state. The band at 28978 cm −1 is 426 cm −1 from the origin and can be assigned as 6 1 0 . This agrees with previous assignments (1,9) which were based on the theoretical predictions (10, 11, 12) . As described in the previous section, there are two distinct types of transitions, a − e and e − e, resulting from excitation respectively to levels involving only totally symmetric a 1 vibrational modes (ν 1 , ν 2 , and ν 3 ) or ones involving the degenerate vibrational modes (ν 4 , ν 5 , and ν 6 ) in the A electronic state. The 6 1 0 band is the lowest frequency e mode and as will be described, the analysis of the rotationally resolved spectrum confirms this is an e mode, removing the last question concerning this band's assignment as 6 1 0 . The next two bands, at 29178 and 29187 cm −1 , are very close, only 9 cm −1 apart (626 and 635 cm −1 from the origin). Theory also predicts two vibrations with roughly these frequencies (10, 11, 12) ; one is ν 5 , an e mode and the other is ν 3 , an a 1 mode. The analysis of the rotationally resolved spectra show that the lower frequency band is the e mode and is assigned as 5 1 0 and the higher frequency band is an a 1 mode and is assigned as 3 1 0 . The remaining three bands were too weak to record rotationally resolved spectra but they can be assigned as sequence or combination bands of the previously assigned bands. The vibrational assignments are summarized in Table 1 . Given the ∆K selection rule for symmetric tops mentioned above, the A rotational constant for both the ground and excited electronic state cannot usually be independently determined. Typically one of the A constants is fixed and ∆A is determined so that the A constant in the other electronic state is obtained. However in the 5 1 0 band, which is an e − e type band, both perpendicular and parallel transitions were observed. In principle this should allow a determination of the A constants independently in both the ground and excited electronic states if enough rotational transitions of both types are observed. This is illustrated by the K dependent terms for e − e and a−e type bands as given in Table 2 . In the table the molecular constants are collected into coefficients for powers of K i.e. there are constants that have quadratic K dependence, some linear K dependence, and some K independent. From the perpendicular transition there are three coefficients but four unknown constants ( the B rotational constant can be determined from J-dependent coefficients) namely A , A , Aζ t , and Aζ t − aa /4 and the K independent term is strongly correlated with the band origin term T 0 .
Thus in order to determine the molecular constants a fourth relation is necessary; this independent relation is supplied by the matrix elements for the parallel transition. The quadratic K coefficient is the same as it is in the perpendicular transition but the linear K coefficient can be used and the constants are not correlated with T 0 . So if both the perpendicular and parallel transitions are observed in an e − e type band, which is the case here for CF 3 O, the molecular constants can be independently determined.
As Table 3 . Along with the molecular constants, Table 3 also gives the number of lines fitted in each band. A total of 265 lines were fit with a residual of 61 MHz.
There is one final thing to note in the simulation of the spectra. During the fitting and simulation of the 5 1 0 band it was observed that a few of the lines are in fact split into doublets. These doublets are caused by l -type doubling in the e symmetry vibronic level of the excited A state in the 5 1 0 transition. Thus we were able to determine an h 1 value, which as noted previously, should be considered a geometrical distortion parameter for this band. The other e − e type band, 6 1 0 showed no such doubling within our resolution and so an h 1 value is not given for this band in Table 3 .
III.2.2 CF 3 S
Unlike CF 3 O, CF 3 S has a very rich, moderate resolution, excitation spectrum as shown in our previous paper (16) . High resolution, rotationally resolved excitation spectra for 7 selected vibronic bands of CF 3 S were recorded. In fitting the spectra one interesting anomaly was observed, that is illustrated by the starred lines in Fig. 9 . A small number of transitions were observed to be split into doublets where the simulations predicted only a single line. Investigation of all the observed spectra showed that the anomalous splittings appear confined to the K = 1 and K = −2 levels of the It is well-known (14, 25) that the basis functions, |e ± , J, P, S, Σ , Eq. 8, have the following rovibronic symmetry properties. For K = 3n + 1 (n = signed integer), the functions, |e ± , J, P, S, Σ have a 1 and a 2 rovibronic symmetry while for K = 3n + 1, they transform according to e rovibronic symmetry and hence cannot have their degeneracy raised by any terms of H T R . We believe that it is the splitting of the a 1 and a 2 components of the K = 1 and K = −2 levels that we experimentally observe.
However, based upon our sparse experimental data, it is not so easy to identify the underlying cause of the a 1 − a 2 splitting. The H JT term of H T R will split these levels; however, an examination of its matrix elements indicates a strong J dependence of the splitting which is not reflected in our, admittedly quite limited, data set. Moreover, based upon theoretical expectation and our observation of the X state vibronic structure, the Jahn-Teller effect should be considerably larger in CF 3 O than CF 3 S, yet no comparable splitting is observed in the CF 3 O spectrum. Thus while our limited experimental data precludes definitely excluding the H JT interaction as the cause of the observations, it is fair to say that the same data offers no confirmation of this explanation.
An alternative explanation may lie in the F hyperfine interaction, H hf , a term not included in H T R . As was pointed out by Endo, et al. (25) . H hf contains some terms that connect the same states as does the H JT Hamiltonian. Since F has a large magnetic moment, hyperfine splittings of this magnitude are not unreasonable, and indeed because of the electropositive nature of S might well increase from CF 3 O to CF 3 S. Additionally H hf has a complicated J, K dependence and up to 8 independent terms in the dipoledipole term alone (25) . Hence the observed variation in splitting with J and K is possible. However, this complexity likewise makes its practically impossible to extract any hyperfine information from our limited data, if indeed hyperfine interactions are responsible for the observed splittings. Hence, we have not pursued the explanation of these splittings any further. Table 5 summarizes the molecular parameters determined for the entire methoxy radical family. The rotational constants in Table 5 One approach to alleviate this problem is to assume a reasonable value for the carbon -fluorine bond length, R CF , determine θ F CF from the A rotational constant and then determine R CO /R CS from the B rotational constant. This method has been used previously on similar C 3v molecules (13, 15, 17, 37, 38) . The value of R CF used here for both the X and A states of CF 3 O and CF 3 S, was 1.327Å, based on the carbon -fluorine bond lengths of CF 3 containing molecules (39) . The calculated bond lengths and bond angles determined by this method are given in Table 6 .
IV Discussion
IV.1 Rotational constants and geometries
Along with the structural parameters for CF 3 O and CF 3 S, Table 6 also contains the structural parameters for the other members of the methoxy radical family (13, 15) . The change in geometry of CF 3 O and CF 3 S in the X and A states can be discussed by comparison with CH 3 O and CH 3 S. In (11, 12) indicate that the C-O bond length in CF 3 O is nearly the same in both the ground and excited states. The lack of change in the C-O bond length could be explained qualitatively by the hyperconjugation effect (10, 11, 12) . As with CH 3 O and CH 3 S, the excitation from the X to A state in CF 3 O or CF 3 S involves the same type of electron promotion; the electron is promoted from a C-O bonding orbital to an oxygen pπ non-bonding orbital causing a lengthening of the C-O bond. However since fluorine has a large electronegativity, the π * CF 3 group orbital is low in energy and localized on the carbon (12) with the result that the doubly occupied oxygen pπ nonbonding orbital can interact strongly with the CF 3 group π * orbital and cause a shortening of the C-O bond length in the A state of CF 3 O(12).
However these two effects appear to roughly cancel in CF 3 O so that there is little or no change in the C-O bond length upon excitation. Both these effects presumably also occur in CF 3 S but since the C-S bond length is longer in the A state, the CF 3 group π * orbital does not appear to interact as strongly with the sulfur pπ orbital, resulting in a net lengthening of the C-S bond upon excitation.
More caution is needed when the no change or slight closing of the FCF angle result upon excitation from the X to A state in CF 3 O or CF 3 S is examined. While the ab initio calculations agree with the experimental CO/CS bond lengths (10, 11, 12) , the calculations predict a slight opening of the FCF angle by ∼ 1.5 • upon excitation. However the calculations also predict that the C-F bond length shortens by ∼ 0.02Å (10) . The structural parameters in Table 6 assume the same CF bond length in both the X and A state but if the CF bond length shortens, as indicated by the calculations, the experimentally derived FCF angle will increase ∼ 2 • . One possible reason for the FCF angle opening less in CF 3 O and CF 3 S than the HCH angle in CH 3 O and CH 3 S upon excitation could be due to the difference in the structure of the CF 3 and CH 3 radicals. As described earlier, the excitation involves an electron promotion from the C-O bonding orbital to a non-bonding orbital localized on the oxygen. This has the net effect of weakening the C-O bond and causing less interaction between the O atom p orbital and the now somewhat isolated CF 3 or CH 3 radical type orbital. The CH 3 radical has a planar structure (40) while the CF 3 radical is pyramidal (41) thus the CH 3 group would tend to open towards planarity upon excitation in CH 3 O and CH 3 S. However in CF 3 O and CF 3 S, the CF 3 group has no "driving force" from the radical geometry to depart from the tetrahedral angle upon excitation. Clearly more data is required to establish the details of the change in the FCF angle in CF 3 O and CF 3 S.
IV.2 Spin-rotation
The spin-rotation parameters, aa and bc were not determined for the A state of CF 3 O. Inclusion of these terms did not significantly effect the fit of the experimentally determined line positions. However, an estimate of the spin-rotation parameters can be obtained by mass scaling the parameters for CH 3 O using perturbation expressions derived by Hougen (31) . This assumes that the expectation values and energy differences between states are roughly the same for both molecules. Using the spin-orbit values for CH 3 O and CF 3 O in Table 5 
IV.3 Coriolis coupling
IV.4 Geometric distortion
As was noted previously, the 5 1 0 band CF 3 O contained a few lines that were split into doublets due to l-type doubling and a "geometric distortion" parameter h 1 is obtained. The insert in Fig. 4 of the high resolution LIF spectrum of the 5 1 0 band shows these doubled lines more clearly (marked with a * in the figure) . From the fit to the experimental spectrum, a value of 0.0013(2) cm −1 was determined for the h 1 parameter. The other vibronic band of CF 3 O with an e type vibration excited in the A electronic state showed no doublets, within our experimental linewidths. Likewise, no doublets were observed in the e type bands in the A electronic state of CF 3 S.
Although the h 1 and h 2 parameters had no effect upon the fit of the X state of either CF 3 O or CF 3 S, within the experimental uncertainties, upper limits could be placed on these parameters. The upper limits were obtained by including these parameters in the fit and increasing the values until the overall residual of the fit increased beyond the experimental uncertainty. (A cut-off of 100 MHz was used which is slightly worse than the typical overall residual of 60 -80 MHz to the fits of the spectra.) At this point, the fit was poorer with the parameters then without. These upper limits for the X state for both CF 3 O and CF 3 S are included in Table 5 V Conclusion
The high resolution, rotationally resolved LIF spectra of jet cooled CF 
Matrix Elements
a − e, ⊥ Transition a :
b The e − e type perpendicular transition selection rule is K = −K − 1 and the parallel transition selection rule is K = K (see text). b T 0 is from the mid-point of the ground state 2 E spin-orbit pair assuming a spin-orbit splitting of -160.00 cm −1 .
c Fixed at the ab initio value from T.G.Wright (36) .
d Fixed at the value measured from the dispersed emission spectrum of Powers et al. (42) .
e Overall residual of fit is 76 MHz. f Fixed at ab initio value from T.G Wright (36) .
g Fixed at the value measured from a dispersed emission spectrum of Powers et al.(42) . . The simulation was calculated using the molecular parameters found in Table 3 and a temperature of 3 K. Discrepancies in intensity are due to fluctuating experimental conditions and spectral saturation effects.
3. High resolution, experimental and simulated spectrum of the 6 1 0 band of
. The simulation was calculated using the molecular parameters found in Table 3 . The simulation was calculated using the molecular parameters found in Table 3 . The simulation was calculated using the molecular parameters found in Table 4 and a temperature of 3 K. Discrepancies in intensity are due to fluctuating experimental conditions and spectral saturation effects. . The simulation was calculated using the molecular parameters found in Table 4 and a temperature of 3 K. Discrepancies in intensity are due to fluctuating experimental conditions and spectral saturation effects. . The simulation was calculated using the molecular parameters found in Table 4 and a temperature of 3 K. Discrepancies in intensity are due to fluctuating experimental conditions and spectral saturation effects.
